The fragile histidine triad (FHIT) gene, located at chromosome 3p14.2, is deleted in many solid tumors, including lung cancer. Its protein product is presumed to have tumor suppressor function. We investigated the incidence of loss of heterozygosity and loss of FHIT expression in a series of non-small-cell lung carcinomas and its correlation to apoptosis, proliferation index and prognosis. FHIT expression was determined by immunohistochemistry in formalin-fixed paraffin-embedded tissues from 54 squamous cell carcinomas (SCC) and 44 adenocarcinomas (AC) of the lung. DNA from frozen tumor and corresponding normal tissues were analyzed for allelic losses at two loci located internal (D3S1300, D3S1234) and three loci in flanking regions centromeric and telomeric (D3S1210, D3S1312, D3S1313) to the FHIT gene. Apoptosis was detected by terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL). Proliferation index was determined with ki-67 and flow cytometric analysis. We correlated the results with tumor histology, prognosis and some immunohistochemical markers (p53, bcl-2, bax, c-myc, p21
Lung cancer is the leading cause of death from malignancies in the world, according to the most recent studies in USA and the European Union. 1, 2 In spite of the advances in new strategies on therapy and diagnosis, the overall survival at 5 years is between 10 and 15%, without any improvement during the last years. 2 Squamous cell carcinoma (SCC) and adenocarcinoma (AC) are the most frequent histological types of non-small-cell lung cancer (NSCLC). The development of molecular studies in lung cancer cells often shows the accumulation of sequential genetic alterations, including alterations in oncogenes and tumor suppressor genes, resulting in a multistep process of carcinogenesis.
The fragile histidine triad (FHIT) gene is a candidate tumor suppressor gene located at chromosome 3p14.2, spanning the FRA3B common fragile site. 3 Frequent allelic losses and homozygous deletions, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] as well as the loss of heterozygosity (LOH) in microsatellites located at FHIT gene 5, 11, 12, [17] [18] [19] [20] [21] [22] [23] [24] have been described at the FHIT locus in several human solid tumors arising from epithelial cells, including lung cancer.
The FHIT protein is homologous to Ap4A hydrolase from the yeast Schizosaccharomyces pombe and it also exhibits Ap3A activity in enzymatic assays. 3, 4 FHIT protein is presumed to have tumor suppressor function independent of its hydrolase activity. 3, 25 However, the mechanisms through which FHIT mediates its suppressor function are not well established. Several investigators have shown that introduction of a wild-type FHIT gene suppresses tumorigenicity and the transfection of FHIT in FHITÀ human cancer cells appear to induce apoptosis and inhibit cell growth. [25] [26] [27] These results suggest that the suppressor activity of FHIT could be related with apoptosis and with the alteration of cell cycle regulator factors.
The availability of a reliable immunohisto chemical assay for FHIT expression has facilitated the assessment of protein expression in routinely fixed tissues. Studies comparing FHIT expression with the status of the FHIT gene have shown significant concordance in a variety of malignancies. The advantage of an immunohistochemical assay is that it can determine intratumoral FHIT levels irrespective of the mechanism of FHIT gene inactivation. Loss of FHIT expression has been correlated with a variety of clinicopathologic parameters such as disease stage, tumor progression and recurrence in several cancers, [28] [29] [30] [31] [32] [33] but the value of FHIT as a potential predictor marker of survival is not clear.
To determine the role of FHIT in the pathogenesis and progression of lung cancer, we investigated the incidence of LOH and loss of FHIT expression in a series of non-small-cell lung carcinomas and its relationship with apoptosis, tumor cell proliferation and clinical outcome.
Materials and methods

Patients
We selected 98 patients who underwent surgical resection from January 1994 to February 2000, for non-small-cell carcinoma at the Clínica Universitaria de Navarra (Pamplona, Spain). There were 85 men and 13 women, with a mean age of 62 (range years. Histological type according to the WHO classification 34 corresponded to 54 SCCs and 44 ACs. Data of TNM and pathological stage, smoking habit, clinical history and evolution were recollected from each case ( Table 1 ). All cases had neither received preoperative chemotherapy nor radiotherapy, had no distant metastases at diagnosis and the TNM classification was no T4.
Survival data were available for all patients with a mean follow-up of 3.61 years (9.6 months to 7.3 years).
Immunohistochemistry
New sections (4 mm thickness) were obtained from paraffin block. All of them showed areas of tumor and normal columnar epithelium, type II pneumocytes or alveolar macrophages as FHIT þ internal control. As a FHIT þ external control we used normal kidney. New slides were reacted in an automatic immunostainer (Techmate 500, Dako) with the following antibodies: anti-FHIT polyclonal antibody (PAD: ZR44, Zymed Laboratories, San Francisco, USA; 1:1200, overnight); ki-67 (7B11, Zymed Laboratories, San Francisco, USA; 1:160, overnight); p53 (DO7, Novocastra, Newcastle, UK; 1:800, overnight); c-myc (9E11, Novocastra, Newcastle, UK; 1:200, overnight); bcl-2 (clon 124, DAKO A/S, Glostrup, Denmark; 1:100, overnight); anti-bax polyclonal antibody (Biogenex, San Ramon-CA, USA; 1:3 (prediluted), overnight); p21 (4D10, Novocastra, Newcastle, UK; 1:100, overnight); and cyclin-D1 (DCS-6, Novocastra, Newcastle, UK; 1:50, overnight) antibodies. All of them were developed using Envision"(Dako) system and DAB plus (Dako) chromogen. Antigen retrieval was performed with a microwave (700 W, 20 min) and citrate buffer (10 mM, pH ¼ 6).
Immunohistochemical evaluation was performed without the knowledge of the clinical data and outcome of each case. A tumor was considered FHIT þ if there was cytoplasmic reactivity in the neoplastic cells, and FHITÀ if there was no cytoplasmic reaction within the neoplasm, with preserved activity in the admixed non-neoplastic cells. Immunoreactivity for p53, p21 and cyclin-D1 (nuclear staining) was scored as positive or negative with a cut point of staining 45% of the cells. Proliferation index with ki-67 was considered a high proliferation when nuclear staining was present in more than 15% of the cells. Any cytoplasmic immunoreactivity with bcl-2, bax and c-myc antibodies was considered as positive. A bcl-2/bax ratio was calculated using the percentage of positive cells 
Assays for LOH
DNA was isolated from frozen tumor and corresponding frozen normal tissues (or peripheral blood in 21 cases) by proteinase K and phenol-chloroform extraction using standard protocols. Analysis of allelic losses was performed by a polymerase chain reaction (PCR)-based approach of microsatellite polymorphism analysis using microsatellite markers within (D3S1300, D3S1234) and flanking (D3S1210, D3S1312, D3S1313) the gene locus 3p14.2. The microsatellite sequences were obtained from Genome Database (www.gdb.org). D3S1300 is located within intron 5 close to exon 5, and D3S1234 within intron 8 of the FHIT gene. D3S1210 and D3S1312 are centromeric and D3S1313 is telomeric to the FHIT gene. PCR was performed using 4 ml DNA solution in a final volume of 25 ml containing 2.5 ml of each dNTP (2 mM), 2 ml magnesium chloride (25 mM), 2.5 ml standard 10 Â PCR buffer, 0.2 ml Taq polymerase (5 U/ ml) and 1.5 ml oligonucleotide primers (10 mM) and 10.8 ml H 2 O.
PCR was carried out in a GeneAmp PCR System thermocycler (Perkin-Elmer) under the following conditions: 951C for 2 min for one cycle; 95, 57 and 721C for 30 s each one, for a total of 30 cycles; and a final extension for 7 min at 721C. All PCR products were detected by electrophoresis through 8% polyacrylamide gel followed by ethidium bromide staining and UV transillumination. This detection was carried out to ensure that the absence of FHIT PCR product was due to deletion and not to failed PCR. Aliquots of PCR products were heat denatured and separated by electrophoresis on a denaturing 6% polyacrylamide gel containing urea and detected by a fluorescent sound marker for 3 0 oligonucleotide against (CA)n (Kits Gene images 3 0 oligolabeling module and Gene Images CDP-Star detection module, Amersham Pharmacia Biotech). Nitrocellulose transferred membrane was exposed to an Rx plaque. Allelic losses for informative cases was scored by visual inspection if the signal intensity of one or more bands was reduced by 50% or more in the tumor DNA when compared with the nontumor DNA sample. Ambiguous results were repeated. In doubtful cases, an image analysis (OLYMPUS Microimage V.2.0) was performed to obtain a valid index of band reduction as described. 18 
Flow Cytometry
For cytometric study one to four 1.5 Â 1.5 Â 1.5 mm 3 cubes were taken from fresh samples of tumoral tissue and were immediately frozen in liquid nitrogen and stored at À801C until analysis. At the time of analysis, nuclear suspensions were obtained according to the method described by Vindelö v et al. 35 Briefly, samples were placed in tissue culture medium (RPMI-I640) supplemented with 10% fetal calf serum (FCs) and processed into single-cell suspensions with scissors. After centrifugation for 5 min at 2000 rpm, the pellet was resuspended in 2.5 ml of citrate buffer. After another centrifugation, the following were added successively: 1800 ml of solution containing trypsin, 1500 ml of solution containing trypsin inhibitor and ribonuclease A, and 1500 ml of solution containing propidium iodide. Before the analysis, the cell sample was filtered through a 50-mmol/l nylon mesh. A minimum of 2 Â 10 4 tumoral cells per sample were analyzed on an Arhens-FCS II flow cytometer as reported previously. 36 The cells were chosen randomly from each tissue sample. The flow cytometric parameters evaluated included DNA ploidy and the percentage of cells in each cell cycle phase by use of the software Arhens-Acas 5.0 that was included in the system.
TUNEL Assay
To determine the apoptotic index, in situ detection of DNA strand breaks by use of the terminal doxynucleotidyl transferase-mediated dUTP nickend labeling (TUNEL) technique was performed as described previously 37 with the commercially available ApopTag In Situ Apoptosis Detection Kit (ONCOR, Gaithersburg, MD, USA). Sections (4 mm thickness) from normal and tumoral samples from selected formalin-fixed, paraffin-embedded tissue blocks were placed on coated slides and studied using TUNEL method. Briefly, tissue sections were dewaxed and rehydrated routinely. After rehydration, the slides were incubated with proteinase K (20 mg/ml) at room temperature for 15 min. Endogenous peroxidase was inactivated by 3% hydrogen peroxide. Tissue sections were stained with an ApopTag system (ONCOR, Gaithersburg, MD, USA), which identifies cells with internucleosomal fragmentation of DNA. The reaction was terminated after 60 min by transfer of the slides to a coplin jar containing prewarmed working strength stop-wash buffer and incubated for 30 min at 371C. The sections were then covered with 55 ml of antidigoxigenin peroxidase and incubated for 30 min at room temperature, and stained with diaminobenzidine to detect the labeled nuclei. For negative controls, deionized water was used instead of TdT. Positive controls consisted of inflamed human tonsil. Cells were considered positive when intense brown reactivity was detected in the nuclei. Apoptotic index was expressed as the percentage of nuclear positive stain in 1000 tumoral cells (100 cells in 10 different fields).
Statistical Analysis
We correlated all the results with tumor histology and clinical outcome. The associations between categorical variables was tested using the test w 2 with a two-sided Fisher's exact test for the comparison of small groups. Relapse-free survival curves were constructed using the method of Kaplan-Meier and tested by the log-rank test. Po0.05 was considered to be statistically significant. Analysis was carried out using the SPSS/PC v9.0 for Windows statistical package.
Results
In normal bronchial epithelium, staining for the FHIT protein was positive in the cytoplasm. Loss of FHIT expression in tumor cells was observed in 52 (96.3%) SCC and in 20 (45.5%) AC with a statistically significant relationship (Po0.0001) (Figure 1a and b) . In smoker patients, 71 (78.9%) tumors showed loss of FHIT expression, but only one (12.5%) tumor in non-smokers were FHITÀ. Statistically there was a significant inverse relation between FHIT expression and the smoking habit (P ¼ 0.0003), but not with the amount of cigarettes (pack/year). Analyzing each histological type, in this series all patients with SCC were smokers and only two of them showed adequate expression of FHIT protein. The majority of smoker patients with AC (52.8%) had tumors negative for FHIT expression. In patients with AC, there was no association between smoking and FHIT alteration (P ¼ 0.054).
We found LOH at one or more microsatellites in 65 (67.8%) of 96 informative cases: 39 (72.3% of 53) were SCC and 27 (61.4% of 43) were AC, with no No correlation could be demonstrated between FHIT alteration and the patient's age at the diagnosis, histological grading, stage or pTNM. Table 2 shows the results of the relation between p53, ki-67, c-myc, bcl-2, bax, p21 waf1 and cyclin-D1 immunoexpression and loss of FHIT expression. The overexpression of p53 and bcl-2 was significantly associated with the loss of FHIT expression and LOH. The analysis of ki-67 expression showed 32 tumors (32.6%) with low proliferation index and 66 tumors (67.3%) with a high proliferation index (Figure 1c and d) . Most of the cases with high ki-67 expression (54/72: 75%) had lost FHIT expression, while 14 (53.9%) tumors with FHIT expression presented low ki-67 index (P ¼ 0.007). The LOH and the negativity of FHIT expression were associated with a high percentage of tumoral cells in S, G 2 or M phases (Po0.001) ( Figure 2 and Table 2 ).
Analysis of TUNEL showed a higher percentage of apoptotic cells in FHIT þ tumors (mean of 22.3%) than in FHITÀ tumors (mean of 1.3%) (P ¼ 0.018) (Figure 1e and f) .
A Kaplan-Meier curve (Figure 3a and b) demonstrated that the survival rate of patients with LOH or negative FHIT expression was lower than that of the patients with FHIT expression or no LOH. The estimated 5-year rate of survival was 64.7% in patients with FHITÀ tumors and 85.5% in FHIT þ (P ¼ 0.039), and 66.6% in patients with LOH in their tumors and 76.2% in no LOH (P ¼ 0.056). Statistical analysis showed that only FHITÀ cases correlated significantly with a worse prognosis. These results were independent of other immunohistochemical and clinical analyzed factors.
A high percentage of tumors showed an altered expression of several proteins. The estimated rate of survival was inversely related to the number of altered proteins. Interestingly, patients with AC with loss of FHIT expression associated to c-myc and cyclin-D1 overexpression had a significant lower rate of survival (P ¼ 0.013) than those tumors with no alterations of these factors (Figure 4 ).
Discussion
FHIT is a candidate tumor suppressor gene at chromosome 3p14.2 that was identified by positional cloning. 3 FHIT encompasses FRA3B, the most common fragile site in the human genome. 3 Deletions and LOH within the FHIT locus and aberrant transcripts have been observed in cell lines derived from cancers and in multiple tumors including lung cancer. [3] [4] [5] [6] 8, 9, 11, 12, 14, 15 Such observations led to the proposal that FHIT acts as a tumor suppressor gene. The reported frequency of LOH at FHIT gene in NSCLC is between 20 and 70% of cases. 5, 11, [17] [18] [19] [20] [21] [22] [23] [24] Our results are similar to the highest frequency, with LOH in one or more microsatellites in 67.8% of 96 informative tumors. The differences between all series probably could be explained by the different markers used and the method of detection and evaluation of LOH. Since when different groups use the same methods, the frequencies are similar around 60%. 11, 12, 18, 22 Loss of immunoexpression of FHIT, the protein encoded by this gene, has been described in several FHIT protein expression in NSCLC G Toledo et al studies in primary lung carcinomas and in cell lines from lung cancer. 13, 20, 23, 33, [38] [39] [40] We detected loss of FHIT expression in a high percentage (73.5%) of 98 lung carcinomas studied. We found 96.3% (52 of 54) SCCs with loss of FHIT expression, while only 20 of 44 (45.4%) adenocarcinomas were FHITÀ. This frequency is similar to the rates reported by some European and Japanese series of NSCLC 20, 40 and cell lines 39 and it is higher than the frequency reported by others. 13, 23, 33, 38 These discrepancies may be due to differences in immunohistochemical techniques, stain interpretation or different distributions of histological types. Some authors observed an intermediate level of FHIT staining, 33 but we and others 38, 40 did not see it in our tumors. Our results showed that negativity of FHIT expression is more frequent in SCC than in AC (P40.0001) as has been found by others. 33, 38, 40 These data indicate that FHIT alterations are more commonly related to histological types of lung cancer most closely associated to smoking. A high frequency of LOH, negative protein expression and aberrant transcripts in FHIT has been described in smokers with lung cancer and other smoking-related carcinomas of head and neck, urinary bladder and aerodigestive tract. 3, 8, 12, 19, 20, 33, [40] [41] [42] These data support that cigarette smoking could induce molecular alterations of FHIT. FHIT spans the FRA3B fragile region, frequently involved in genetic arrangements described in several human tumors. [43] [44] [45] FRA3B is an important target of tobacco smoke damage at a molecular level and it could explain the relationship observed between LOH at 3p14.2 and smoking exposure. However, the significant higher frequency of FHITÀ tumors in smokers provide a direct effect of tobacco on FHIT gene and protein. Sozzi et al 12, 40 have demonstrated this effect in several studies, which has been corroborated by others. 19, 20, 33 In our work, we observed an important prevalence of smokers between patients whose tumors showed an absence of FHIT expression (78.9% smokers vs 12.5% nonsmokers). These results heavily suggests that alterations in FHIT may be secondary to exposure of tobacco. 
Siprashvili et al
25 demonstrated that transfection of a plasmid with FHIT activity suppressed tumorigenicity of some FHITÀ malignant cell lines when injected into nude mice. In these experiments, tumor suppression is not dependent on FHIT hydrolytic function, suggesting that an FHITnucleotide complex may be the active form. Ji et al, 26 using an adenoviral vector to transfer a highlevel expression of FHIT in human lung cancer cell lines FHITÀ, observed that the tumorigenicity of such cells in nude mice was essentially eliminated in transduced cells comparing with nontransduced ones. Moreover, cell growth of adenoviral-FHITtransduced lung cancer cells was markedly inhibited in vitro, where cells arrested in S phase. 26 In addition, these investigators demonstrated a high increase in the number of apoptotic transduced cells. 26 Sard et al 27 also observed similar results in malignant lung cells transfected with a plasmid with effective FHIT expression, but with cells predominantly arrested in G 0 /G 1 phase. The increase in apoptosis was independent of bcl-2, bcl-X and bax in the FHIT-transfected cells, 27 and these authors have suggested that apoptosis in FHITÀ cells could be induced trough the caspases pathway. 27, 46 The inhibition of cell growth seems related to a significant increase of the cell cycle inhibitory protein p21, with independence of p53 levels. 27 Similar observations described in a human myeloid leukemia cell line 47 support a potential relationship between FHIT and apoptosis. However, the relationship between FHIT and tumoral growth, inhibition of cell cycle and apoptosis has not been found in other investigations. 16, 39, 48 The structural features of FHIT protein, its role in nucleotide metabolism and the amount of Ap3A and Ap4A, substrates of FHITmediated hydrolysis, in cellular stress, also suggest that FHIT can play some role as a cell cycle inhibitor factor and a stimulator of apoptosis. 4 There are a few studies in lung cancer biopsies in which proliferation index of tumoral cells were compared to FHIT expression, with a significant correlation between both factors. 18, 20 We have found a significant correlation between negative FHIT expression and the high proliferation index detected with both ki-67 immunoexpression and flow cytometric analysis. These data are similar to those found in vitro by other investigators. 27 Although we observed a relationship between p53 overexpression and loss of FHIT (P ¼ 0.007), the association of FHIT with proliferation index was statistically independent of the presence of p53 or p21
waf-1 overexpression. In our study, with the TUNEL technique, FHITÀ tumors showed a lower index of apoptosis (1.3%) than FHIT þ carcinomas (22.3%) (P ¼ 0.018). We could not find a correlation between apoptotic data and the immunoexpression of bcl-2 and bax antibodies. Sard et al 27 and Ji et al 26 observed similar results.
The relationship between alteration of FHIT expression, an increased proliferation index and low apoptosis is in agreement with a high aggressiveness of these tumors. We have found a significant worse prognosis in patients whose tumors showed an altered FHIT expression. The 5-year survival rate of patient with tumors with adequate FHIT expression was significantly higher (85.5%) than in tumors FHITÀ (64.7%) (P ¼ 0.039). This investigations in lung cancer 17, 33 as in other tumors 28, [30] [31] [32] suggest that FHIT alteration is associated with a high proliferation index that results in an aggressive behavior. Tomizawa et al 33 reported a significant poor survival in FHITÀ tumors in a series of stage I NSCLC. However, the correlation between loss of FHIT and poor prognosis in NSCLC has not been observed by others. 5, 19, 20, 23, 38, 40 In this series, we observed that lung AC with synchronous alteration of FHIT (loss of expression), c-myc (overexpression) and cyclin-D1 (overexpression) have worse prognosis.
In conclusion, our results support that FHIT plays an important role in the carcinogenesis of NSCLC. It appears particularly important in SCC and associated with smoking. Loss of FHIT protein expression is correlated with a high proliferation index and with low apoptotic index, indicating that tumoral cells showed more aggressive behavior. Loss of FHIT expression results in an indicator of worse prognosis and may be an independent marker for the clinical outcome in patients with these tumors.
